[1] During the TopoIberia experiment, a total of 26 seismic broadband stations were recording in northern Morocco, providing for the first time extended regional coverage for investigating structure and seismotectonics of the southern branch of the Betic-Rif arc, its foreland, and the Atlas domain. Here, we analyze P-to-S converted waves in teleseismic receiver functions to infer gross crustal properties as thickness and V p /V s ratio. Strong lateral variations of the crustal thickness are observed throughout the region. Crustal thicknesses vary between 22 and 44 km and display a simple geographic pattern that divides the study area into three domains: entire northwestern Morocco underlain by a thickened crust with crustal thicknesses between 35 and 44 km; northeastern Morocco affected by significant crustal thinning, with crustal thicknesses ranging from 22 to 30 km, with the shallowest Moho along the Mediterranean coast; and an extended domain of 27-34 km thick crust, farther south which includes the Atlas domain and its foreland regions. V p /V s ratios show normal values of $1.75 for most stations except for the Atlas domain, where several stations give low V p /V s ratios of around 1.71. The very sharp transition from thick crust in northwestern Morocco to thin crust in northeastern Morocco is attributed to regional geodynamics, possibly the realm of present-day subcrustal dynamics in the final stage of western Mediterranean subduction. Crustal thicknesses just slightly above 30 km in the southern domain are intriguing, showing that high topography in this region is not isostatically compensated at crustal level.
Introduction
[2] The Gibraltar arc, which represents the westernmost end in the Mediterranean of the Alpine orogene, is formed by an arc-shaped mountain belt (Betic Cordillera in southern Spain and Rif in northern Morocco) surrounding the Alboran Sea. Evolution and present-day dynamics of the Gibraltar arc are topics that have received considerable attention in the last decades; however, the geodynamics of the region are still controversial [e.g., Lonergan and White, 1997; Morales et al., 1999; Seber et al., 1996; Calvert et al., 2000; Gutscher et al., 2002; Duggen et al., 2004; Faccenna et al., 2004; Diaz et al., 2010] . The problem seems to reside in understanding the interplay between African-Eurasian plate convergence and regional-scale processes related to the evolution of the western Mediterranean. The solution to this problem appears to depend on a sound knowledge of deep lithospheric structure over the entire region. Data on deep lithospheric structure, however, have been comparably scarce in Algeria and Morocco, and fundamental parameters such as crustal thickness have to be either extrapolated from a few seismic profiles and single-station observations or estimated from the gravity field. Here, we analyze data from a recent temporal deployment of seismic broadband stations in order to obtain direct measurements of crustal thickness all over northern Morocco.
[3] Within the TopoIberia project (http://xeon.ictja.csic.es/ IberArray), a large-scale multidisciplinary research initiative 1 to investigate Earth's structure and dynamics in Spain and northern Morocco, 21 temporary seismic broadband stations were installed in northern Morocco, providing for the first time extended regional broadband coverage in this area. Most stations were active from 2007 to 2010 and provide good quality recordings of numerous teleseismic earthquakes from around the world. We use data from these temporary stations as well as from five permanent stations for receiver function analysis. The receiver function technique is a well-established seismology technique that permits extraction of information about the lithospheric structure from the analysis of converted seismic waves from three-component seismic recordings. We will show receiver function examples from the region that reveal clearly different characteristics of wave conversion beneath different stations and immediately point to strong lateral heterogeneity within the study area.
[4] We focus our attention on the conversion of P to S waves at the Moho interface (Ps phase) and the first multiple reverberations between surface and Moho (PpPms and PpSms + PsPms phases), corresponding to comparably clear arrivals in many of our receiver functions. The timing of these conversions is interpreted in terms of crustal thickness and the ratio between crustal P and S velocities beneath the stations. Finally, the good regional coverage and fairly dense station spacing ($60 km) allow for interpolating single-station measurements into a continuous map of crustal thickness for the entire study area, providing valuable information for diverse Earth science disciplines from geodynamic modeling to simulation of seismic wave propagation.
Tectonic Setting and Previous Geophysical Studies
[5] Northern Morocco is a complex and heterogeneous tectonic setting (Figure 1 ). Based on the tectonic evolution, it can be divided into three main domains: The Rif chain; the Atlas Domain, an inverted rift that forms an intracontinental active fold-and-thrust belt; and finally, stable zones forming the Moroccan Meseta (the Hercinian Moroccan Massif and Meso-Cenozoic plateaus).
The Rif Chain
[6] The Rif chain in northern Morocco constitutes the southern branch of the Betic-Rif orogenic belt. It originated during a Miocene continent-continent collision as a result of about 250 km westward motion of the Alboran domains [e.g., Platt et al., 2003] . The Rif belt is classically divided into three domains according to stratigraphic and tectonic features: the internal and external zones, separated by the Maghrebian Flysch domain. This last domain is formed by sediments originally deposited in an oceanic trough (Maghrebian Trough) and/or a very thin continental crust [Lujan et al., 2006] . The external zones are fold-and-thrust belts of Mesozoic and Tertiary sedimentary rocks deposited in a shelf environment in the Maghrebian passive continental paleomargin. The internal zones constitute the main part of the Alboran domain [Balanyà and García-Dueñas, 1987] and are composed mainly of Paleozoic and Mesozoic metasedimentary rocks with varying metamorphic grade, distinguishing three different nappe complexes of continental origin [Chalouan et al., 2001] : the Dorsale Calcaire, the Ghomarides, formed mainly by low-grade metasediments, and the Sebtides with low-to high-grade metamorphic rocks, formed by the accretion of small continental fragments during Eocene time [Platt et al., 2006] . The Ghomarides and Sebtides have their equivalents in the Betic chain in the Malaguides and Alpujarrides. The internal zones of the Rif and the Betic orogen together with the basement of the Alboran basin, formed by the Sebtides-Alpujarrides rocks [Comas et al., 1999] , constitute the Alboran domain.
[7] Previous geophysical studies obtained a maximum crustal thickness of 40 km beneath the Rif [Giese and Jacobshagen, 1992] although other studies based on gravity, elevation, heat flow, and seismic data suggest a maximum of $36 km under the Rif mountains, decreasing to a minimum of 30 km toward the coast [Torne et al., 2000; Fullea et al., 2007] .
[8] To the southeast, the Rharb (or Gharb) basin separates the Rif chain and the western Morrocan Meseta (see Figure 1 ). In this basin, the top of the basement is overlain by thrusted and stacked sediments of different age, reaching a maximum depth of 8 km toward the west.
The Atlas Domain
[9] The Atlas domain is the result of a Mesozoic rifting episode affecting the central North Atlantic and the Western Tethys followed by the Cenozoic collision of the Africa and Iberian plates [e.g., Jacobshagen et al., 1988] . While the Tell Atlas along the Mediterranean coast of eastern Morocco and Algeria has been substantially reworked during plate convergence and the evolution of the western Mediterranean, the NE-SW trending Middle Atlas and E-W trending High Atlas in the interior of Morocco form a domain with different characteristics. In the Atlas, the tectonic shortening is moderate and poorly correlated with topography, suggesting that the crustal root beneath the Atlas Mountains is not deep enough to isostatically support topography reaching up to 4165 m in the High Atlas south of Marrakesh [e.g., Seber et al., 2001; Teixell et al., 2003; Zeyen et al., 2005] .
[10] Available geophysical data indicate maximum crustal thicknesses of 38-40 km beneath the most elevated parts of the Atlas [e.g., Makris et al., 1985; Tadili et al., 1986; Wigger et al., 1992; Fullea et al., 2007] . Modeling refraction and wide-angle data, Tadili et al. [1986] [Wigger et al., 1992; Contrucci et al., 2004; Jaffal et al., 2009] .
Data and Methodology
[12] We calculate P wave receiver functions from teleseismic events recorded at 26 seismic broadband stations deployed in the northern part of Morocco (see Figure 1) . The largest amount of the data were provided by the temporary TopoIberia experiment (21 stations, blue triangles in Figure 1 ). Additionally, we analyze five permanent stations: one from the Instituto Andaluz de Geofisica (IAG, station CEUT, red square, http://www.ugr.es/$iag), and four from the Western Mediterranean Network (WM-GE, green squares, stations AVE, IFR, MELI, and PVLZ, http:// geofon.gfz-potsdam.de/).
[13] For the receiver function analysis, we consider teleseismic earthquakes with magnitude higher than 5.5 in the distance range between 30°and 90°. Subject to data availability for each station, we analyze between 2 and 4 years of seismicity, which results in a number of usable receiver functions from 32 (ALHU) to 125 (M015). Those extremes reflect mainly different microseismic noise in a coastal setting and at remote inland stations, together with some technical problems for some of the stations. For the study area, the 30°to 90°distance range covers very active seismogenic source areas to the NE (southeastern Asia) and SW (central and south America), while northwestern and southeastern back azimuths are less represented.
Receiver Function Analysis
[14] The P wave receiver functions are time series containing Ps-converted and multiply reverberated phases generated at seismic discontinuities beneath the recording stations [Vinnik, 1977; Langston, 1979] . Teleseismic P receiver functions are obtained by deconvolving the vertical component from the horizontal components in the time window corresponding to the first P arrival and its coda. Ideally, the deconvolution process completely removes the signature of the source time function, source-side path effects, and the instrument response from the waveforms, retaining just the information on receiver-side wave conversion caused by the local structure beneath the seismic station [Langston, 1979] .
[15] Receiver functions have been obtained using an iterative time domain deconvolution method [Ligorria and Ammon, 1999] . The time domain approach consists of approximating the deconvolution response through a series of Gaussian pulses with adjusted amplitudes and time lags. This technique circumvents stability problems intrinsic to spectral division, leads to a causal response, and generally produces more stable results in the presence of noise [Ligorria and Ammon, 1999] . We use a Gaussian filter width of 2.5, translating into receiver function pulses around 1 s wide. The time windows used are 120 s long, starting 20 s before the P arrival. We only calculate the receiver functions for earthquakes with a signal-to-noise ratio larger that 2.
[16] Prior to deconvolution, we decimate the seismograms to 10 samples per second and filter them with a Butterworth bandpass filter from 20 s to 5 Hz. Then we rotate the horizontal and vertical components into the ray coordinate system, using the theoretical incident angle computed in an IASP91 Earth model, thereby obtaining the Q and L components instead of radial and vertical components, respectively [Vinnik, 1977] . This rotation eliminates in the Q component the energy of the direct P present in the radial component, allowing a better observation of shallow crustal discontinuities and sedimentary layers [Vinnik, 1977] . In the case of a laterally homogenous and isotropic medium the P-to-S conversions should only be recorded in the Q component, while the transversal component of the P receiver function is predicted to be identical to zero. Energy in the transverse component is explained by lateral heterogeneity of the medium, in particular by dipping layers, or anisotropy [e.g., Cassidy, 1992] . We examine both Q and T components, and their variations in back azimuth, to check for heterogeneity and to help the interpretation of complex receiver functions.
[17] We evaluate receiver function quality by convolving them with the L component of the signal and checking how well this convolution reproduces the original Q and T components of the seismograms. We keep only the receiver function that can reproduce 80% of the original signal.
Data Examples
[18] To illustrate some characteristics of northern Morocco receiver functions, we show examples of some representative stations in Figures 2 and 3.
[19] We display the receiver functions in two ways. First, we show the Q and T components of all the receiver functions sorted by back azimuth and corrected by Ppps moveout, along with the back azimuth of each trace (named baz in Figures 2 and 3 ). The aim of the moveout correction is to equalize differences in ray parameters in the phase arrival times to allow for direct comparison of receiver functions for earthquakes from different distances. We choose to perform a Ppps moveout correction instead of Ps moveout in order to enhance the multiples in the summation traces only for visual purpose. With this moveout, the arrival time of the Moho conversion phase, Ps, is not appreciably misplaced in the summation traces. We use a ray parameter of 0.065 s km À1 (slowness of 7.0°s À1 ) as reference. This representation gives us information about laterally varying structures and the complexity of the discontinuities (e.g., the presence of dipping, scattering and/or anisotropy [e.g., Cassidy, 1992; Jones and Phinney, 1998 ]. In addition, we show the Q receiver functions stacked and sorted by the ray parameter (Figures 2, right, and 3, right). We stacked them into bins of 0.03 s km À1 , moving the bin every 0.01 s km À1 . This representation helps us to distinguish between converted and multiple phases. The converted phases exhibit a positive moveout with respect to the direct P with increasing ray parameter, while the multiples present a negative moveout.
[20] Figure 2 displays three stations along a north-south profile, probing the structure of the internal (NKM) and external zones (M012) and the Morrocan Meseta (M017). Station NKM, located in the Gibraltar arc near the boundary between the internal and external zones, shows great intracrustal complexity and relevant signal in the transverse component of the receiver functions. The change of polarities in the Q component (and less clear in T) at $3 s indicates a dipping structure and/or some anisotropy at the intracrustal level. Despite complexity at NKM, the Moho conversion (after 5.4 s) can be identified as the largest pulse in the Q receiver function, and also the first Moho multiple is clear (PpPms at $17.6 s). The conversion phase is missing in the restricted back azimuth range of [180°-270°]. To confirm that those phases are the converted and the multiple, in Figure 2 (right) we plot stacked receiver functions sorted by the ray parameter. The dashed red lines mark the theoretical arrival times with the ray parameter for the converted phase and the multiples. As we can observe, the selected converted phase follows a positive moveout with increasing ray parameter, and the first multiple follows a negative moveout.
[21] Station M012 also shows an intracrustal discontinuity, but the traces appear less complex and the energy in the T component is lower than in the case of station NKM, indicating near horizontal intracrustal and Moho discontinuities. The Moho conversion has a delay time similar to that for NKM, indicating that there is also a thick crust beneath the external zones of the Rif chain. At station M017 in the foreland, receiver functions show less signature of crustal structure. The Moho conversion and multiples are clear, indicating a much shallower Moho (Ps at 3.8 s) compared to NKM and M012 (Ps at 5.4 and 5.1 s, respectively).
[22] Figure 3 displays three stations along a southwestnortheast profile from the Middle Atlas (stations M018 and M014) to station TAF near the Algerian border and Mediterranean coast. At M018, the Moho conversion at 3.7 s, and multiples indicate similar crustal thickness as below M017. Station M014 shows remarkably different receiver functions, although it is located in the same geologic domain (Atlas domain) and is only 70 km from station M018. Receiver functions at M014 are very simple and show little energy in the T component. The Moho conversion and its multiples are clear, indicating a much shallower Moho, with the Ps conversion arriving after 3.3 s (Ps at 3.8 s in M018). At station TAF there is a strong conversion from a shallow crustal discontinuity, but otherwise receiver functions are very similar to M014 despite the large distance between the stations, with low energy in the T component and the Moho conversion, Ps, at 3.2 s.
Crustal Thickness Calculation
[23] To calculate the crustal thickness, we use the relative traveltimes for the converted phase at this discontinuity, Pms, and its multiples, PpPms and PpSms + PsPms phases, with respect to the direct P arrival. These relative traveltimes can be employed to constrain the thickness (H) and V p /V s ratio of the crust, provided that the average P wave speed is known [Zandt and Ammon, 1995] . We apply a receiver function stacking technique developed by Zhu and Kanamori [2000] , involving a grid search in the H and V p /V s space. We use steps of 0.1 km and 0.01, respectively. In this Figure 2 . Receiver functions along a north-south profile in northwestern Morocco, including stations NKM, M012, and M017. (left) Plot of the Q and T components of the receiver functions, sorted by back azimuth and corrected by Ppps moveout, along with a plot of the back azimuth of each trace. At the top, the summation trace of the Q components of the receiver functions is displayed. (right) The Q receiver functions stacked and sorted by the ray parameter (noted pray). We stacked them into bins of 0.03 s km À1 moving the bin every 0.01 s km À1 . The dashed red lines mark the theoretical arrival times for the converted (Ps) and the multiple phases (Ppps and Psps) at the Moho discontinuity for the crustal thickness and V p /V s ratio obtained in this study. approach, coherent phases are constructively superposed, while noncoherent signals tend to be eliminated if the number of records is large enough. The location of the maximum in the stacking surface, therefore, provides the estimates for H and V p /V s . To estimate the uncertainties, we used a bootstrap approach [Efron and Tibshirani, 1991] . We base our statistics on 200 bootstrap replications which means we repeat the stacking procedure 200 times with a resampled data set selected randomly from the original data set. The sampled set has the same size as the original but may contain duplicates of receiver functions. The covariance matrix is then obtained by applying the standard formulae for the mean, variance, and covariance to the bootstrap estimates. For some stations, the stacking surfaces (normalized to 100%) are shown in Figure 4 along with the 1s confidence ellipses (red) from the bootstrap analysis. The average V p used in the grid search was obtained from previous refraction profiles in the area, 6.3 km s À1 for the internal and external zones [e.g., Banda et al., 1993; Fernández et al., 2004] and 6.2 km s À1 in the Atlas and the Moroccan Massif [Tadili et al., 1986; Wigger et al., 1992] . Plausible deviations from those average values (e.g., 0.25 km s À1 ) lead to relatively minor (e.g., 1 km) bias in depth for typical crustal thickness values.
[24] This receiver function stacking method has limitations in the presence of a dipping Moho, a gradient-type crust-mantle boundary instead of a sharp, well-defined Moho discontinuity, or in sedimentary environments, where the multiples from the sediment-bedrock interface may overlap with the Ps-converted phase at the Moho [e.g., Julià et al., 2003] . For the stations for which the above methodology is not applicable due to a lack of clear multiples or weak Moho conversions, the grid search maxima are poorly constrained or indicate implausible values due to the superposition of unrelated phases. In those cases, we estimate the crustal thickness by picking the Ps arrival in the summation trace after applying a Ps moveout correction. We associate the Moho conversion with the last clear pulse of the initial pulse train in the receiver functions. We convert delay time to depth using the average V p /V s ratio from receiver function, stacking results at the rest of the stations belonging to the same domain and the average V p wave speed from previous geophysical studies.
[25] To illustrate the accuracy of this option when dipping layers are present, we have performed a test with synthetic receiver functions for a 30 km dipping crust with an average V p /V s = 1.73 over a half-space using the Frederiksen and Bostok [2000] code, which allows the inclusion of dipping layers in 1-D Earth models. Our test consists of a 30 km thick layer over a half-space with dipping angles of 0°, 5°, 10°, 15°, and 20°. The receiver functions have been computed for waveforms approaching the structure from a full range of back azimuths (0°-360°) for the reference ray parameter (0.065 s km À1 ), and we obtain the summation In general, the application of this Zhu and Kanamori method to dipping structure leads to an underestimation of the Moho depth and an overestimation of the V p /V s ratio (see Lombardi et al. [2008] for a discussion about Zhu and Kanamori method and dipping Moho).
[26] The vertical resolution of the receiver functions is controlled by the wavelength of the Ps-converted phase, which depends on the spectral content of the recorded signal and the velocity of the medium. Material property gradients occurring over a depth range of a half wavelength can be identified and well characterized. Average S wavelengths are 3.5 and 4.5 km in the crust and upper mantle, respectively, for a 1.0 s dominant period. This means that the minimum thickness resolvable for discrete homogeneous layers is $2 km in our case.
[27] Some of the receiver functions in this study present significant energy in the transverse components (see Figures 2 and 3 
Results
[28] From analyzing 2-4 years of global seismicity, we were able to obtain more than 2000 usable receiver functions altogether, giving an average of about 80 receiver functions for each of the 26 recording stations deployed over northern Morocco. As already illustrated through the data examples in Figures 2 and 3 , receiver functions indicate significant regional and local variations of lithospheric structure. The delay times of the Moho conversions range from 2.7 s at station MELI to 5.4 s at station NKM, corresponding to a factor of $2 in crustal thickness. Receiver functions for individual stations may be very simple (e.g., M014), but frequently they evidence local complexity beneath the recording stations, manifested in strong intracrustal conversions and relevant signal in the transverse receiver functions (e.g., NKM). Although some back azimuths are underrepresented due to the characteristics of global seismicity, the available traces usually allow tracking the Moho conversion over a broad azimutal range. Sometimes slight timing variations in the Q component and polarity changes in the T component indicate local dip of the Moho interface beneath the stations. We report average values for crustal thickness in this study.
[29] Most stations, 17 altogether, show sufficiently clear Moho conversions and PpPms, PpSms + PsPms multiples to apply the receiver function stacking technique described in section 3 and to provide well-constrained estimates for H and V p /V s through the grid search approach (compare examples in Figure 4 ). The obtained values for crustal thickness (noted by H Zhu ) and V p /V s ratio (V p /V s Zhu ) along with 2s confident bounds and the correlation factors are summarized in Table 1 . The crustal thicknesses are well constrained with uncertainties ranging from 0.4 to 2.8 km and the V p /V s ratios varying from 0.02 to 0.07. In all our results, the correlation coefficients in Table 1 (the covariance matrix cross term) exhibit large and negative values. This means that even though the usage of the arrival times of three different phases in the stacking technique reduces the trade-off degeneracy in the determination of H and V p /V s [Zhu and Kanamori, 2000] , this trade-off is still present with different degrees in our analysis. The large correlations imply that the estimated values for V p /V s and H do not vary independently within the uncertainty limits.
[30] Crustal thickness variations are discussed in detail in section 5. The average V p /V s ratios show normal values of $1.75 for most stations. Bootstrap-based error bounds for H Zhu and V p /V s Zhu are reported in Table 1 . Some more insight can be gained by grouping V p /V s ratio estimates by tectonic domain (Figure 5 ). In the Rif chain and foreland, only minor variations around an average ratio of 1.75 are observed, with the exception of a large V p /V s ratio of 1.81 at station M010, attributed to the sedimentary cover in the Rharb foreland basin. Cases of anomalous low V p /V s ratios are limited to the Atlas domain, where the average values are around 1.71. The minimum V p /V s ratio is 1.66, corresponding to a wellconstrained grid search minimum for station IFR. The low values and their high variability within the domain suggest the influence of an irregular distribution of felsic rocks in the Atlas crust [Christensen, 1996; Wigger et al., 1992] . Generally, the consistent and plausible values obtained for V p /V s Zhu suggest that estimates of H Zhu show little bias due to the problematic trade-off between both parameters and support reliability of inferred crustal thickness values within their statistical errors.
[31] For nine stations altogether where the H and V p /V s grid search led to unstable results, we convert the Ps delay times to crustal thicknesses (H Ps in Table 1 ) using the average V p /V s ave ratio of the corresponding tectonic domain ( Figure 5 ) and average V p wave speed V p ave of 6.3 km s À1 for the Rif [e.g., Banda et al., 1993; Fernández et al., 2004] and 6.2 km s À1 in the Atlas and the Moroccan Massif [Tadili et al., 1986; Wigger et al., 1992] .
[32] An example of problematic stations is M013; receiver functions are shown in Figure 6 . The identification of the Figure 6 ). Regarding its multiples, a possible first multiple is observed at 19.1 s but only for some back azimuths (Ppps1, see Figure 6 ). This phase presents a negative moveout with increasing ray parameter, supporting that it is a multiple. For this station, the receiver function stacking technique does not provide a stable solution. Similar features are found at two neighboring stations, PVLZ and M006, also located in the Rif mountain belt (see Figure 1) , with the identification of two possible Moho conversion pulses and a PpPms multiple at $19.4 s. Two alternatives have been considered for these stations. Our usual strategy of associating the Moho conversion with the last converted phase of the initial pulse train in the receiver functions (Ps1 in Figure 6 for station M013) leads to very large crustal thicknesses (50-52 km, see Table 1 ) compared to nearby stations, e.g., ALHU and M007 (crustal thicknesses of $25-26 km, Table 1 and Figure 1 ). The delay times of the last pulse for stations M013, PVLZ, and M006 range between 6.3 and 6.5 s, while for stations ALHU and M007 the delay times are 3.1 and 3.3 s, respectively.
[33] Alternatively, we prefer associating the Moho conversion pulse with the penultimate pulses of the initial pulse train (Ps2; for M013 in Figure 6 ) and attribute the last pulse to a subcrustal discontinuity (Ps1, Figure 6 ). The observed delay times of Ps2 for stations M013, PVLZ, and M006 are 3.4, 4.4, and 5.2 s, respectively, corresponding to crustal thicknesses of $27, $35, and $42 km. For this last interpretation, the Moho discontinuity is shallower, and the transition to the surrounding stations is smoother.
[34] Presenting our estimates of crustal thickness in a map (Figure 7) , a consistent regional pattern emerges albeit with the complexity manifested in receiver functions from individual stations and the lateral heterogeneity inferred from comparing nearby stations. We color code individual thickness measurements in each station symbol and interpolate single-station measurements into a continuous map of crustal thicknesses for the entire study area. A continuous curvature gridding algorithm (GMT software [Wessel and Smith, 1998 ]) has been used for interpolation. To reduce oscillation of the interpolation surface outside the station coverage, the crustal thickness along the southern limit has been fixed to 32 km.
[35] The most fundamental characteristics of the Moho beneath northern Morocco are the large variations of the crustal thickness (between 22 and 44 km), the presence of strong lateral gradients (most notably near the eastern termination of the Rif mountain chain), and a clear geographic division into three regions with different properties: Large crustal thicknesses are found for entire northwestern Morocco (Rif domain, crustal thicknesses $35-44 km), northeastern Morocco is affected by significant crustal thinning (crustal thicknesses $22-30 km), and the foreland farther south shows intermediate crustal thicknesses close to the average values for continental crust (crustal thicknesses $31 km).
[36] Station M019 is placed in the anti-Atlas region. The closest station to M019 is located 185 km away (station M018), on the other side of the Atlas belt (see Figure 1) . Because of its separation from the other stations, its average crustal thickness is not included in the crustal thickness map (Figure 7) . This station presents a Moho converted phase at 3.4 s ( Table 1 ) and no clear multiples. If we translate into depth the arrival time of the converted phase using the average V p /V s ratio for the massif domain (1.75, Figure 5 ), its crustal thickness is 26.8 km. This value represents a surprisingly thin crust, considering that it is located on the Figure 6 ). We prefer interpretation in Figure 7b for the Moho and attribute the apparent indentation in Figure 7a to the presence of a subcrustal discontinuity in this sector (see text). Thick black lines mark the position of the main faults of the trans-Alboran shear zone (TASZ).
edge of a craton. From a refraction profile, the crustal thickness estimations for the area is $34 km [Wigger et al., 1992] . On the other hand, its receiver functions have a lot of similarities with the ones at station IFR with an V p /V s ratio from the Zhu and Kanamori [2000] method analysis of 1.66. Using the low V p /V s ratio of station IFR, we get a crustal thickness for M019 of $31 km. This values is similar to the ones obtained for the stations located in the massif domain (e.g., AVE and M017) but with a lower V p /V s .
Discussion
[37] We provide two alternative interpretations for three neighboring stations (PVLZ, M006, and M013) in the central sector of the Rif mountain belt (Figures 7a and 7b) . As we discuss above, these receiver functions show, after some initial intracrustal signal, two pulses of similar amplitude within the time range of possible Moho conversions. These pulses have some overlap for M006 and are separated for M013 and PVLZ. For PVLZ, M006, and M013, associating the Moho with the last clear pulse of the initial pulse train leads to depths of 50-52 km (Table 1) and to a strong indentation of the interpolated Moho interface around these stations (see Figure 7a ). We prefer associating the Moho with the earlier pulse in this case, leading to a shallower Moho and a smoother transition toward the surrounding stations. Supporting this interpretation, we found that at station M012 (compare Figure 2) there is no evidence for large dips, as would be expected under the first hypothesis, nor is there evidence for large dips close to $25°between stations M013 and M007 (Figure 6 ) or to $30°between PVLZ and ALHU at only $37 km distance. Therefore, the later pulse is inferred to be the signature of a subcrustal discontinuity. The locations of stations PVLZ, M006, and M013 coincide with a domain of anomalous GPS velocities inside the Rif [Fadil et al., 2006; Tahayt et al., 2008] that can be modeled by a small patch of basal traction in this area [Pérouse et al., 2010] thought to represent delamination and rollback of the lithospheric mantle [e.g., Seber et al., 1996; Faccenna et al., 2004] . We associate the second pulse with such subcrustal structure. A detailed interpretation of this presumed mantle conversion is beyond the scope of this paper and the methodology applied.
[38] The entire area of northwestern Morocco is underlain by a thickened crust, showing thicknesses of 35-44 km from the Gibraltar Strait to the north to about 34.5°N latitude to the south and from the Atlantic coast to about 4.5°W longitude. A deep Moho can be found under all units of the Rif in this sector: internal zones, flysch units, and external zones. Farther east, a zone of very relevant crustal thinning extends all the way to the Algerian border, between the Mediterranean coast and about 34.5°N latitude. In this sector, crustal thicknesses range from 22 to 30 km. The crustal thickness is increasing from the coast (ALHU, MELI, CHAF, 22-25 km) to the south (M013, M014, M008, 27-30 km), with station M014 providing evidence for some continuity of this domain into the Middle Atlas, where the transition to normal crustal thickness values is located between stations M014 and M018 (compare Figure 3) . The sharp contrast between thinned and thickened crust, located at about 4°W at the coast ($35 km at PVLZ and $25 km at ALHU) and 4.5°W farther inland (42 km at M006 and 27 km at M013) is remarkable. No intermediate crustal thickness, indicating a transition, has been observed at this station deployment, with the possible exception of station PVLZ. Plotting individual thickness measurements onto a roughly west-east oriented profile across the thickened and thinned domains illustrates the amount of thinning, the sharpness of the transition, and its spatial coincidence with the subcrustal discontinuity (Figure 8a) .
[39] This abrupt change of crustal thickness of $10-15 km crosscuts at least the external zones and possibly all units of the Rif. This suggests that the formation of this major lithospheric heterogeneity, or alternatively the propagation to the current position, postdates the main orogenic phase in the Rif and is rather related to extensional processes that have affected the Alboran basin since the Miocene. The position of this heterogeneity coincides with the trans-Alboran shear zone, a large, left-lateral transcurrent fault system extending from southeastern Spain across the Alboran Sea into the Rif [de Larouzière, 1988] . The trans-Alboran shear zone is believed to play an important role in regional tectonics, accumulating currently $2 mm yr À1 of slip [Stich et al., 2006] . The deepening of the Moho is also correlated with (1) a transition from high heat flows to the east ($80-100 mW m À1 ) to lower values to the west ($40-60 mW m À1 [Rimi et al., 1998; Pollack et al., 1993] ), (2) the occurrence of middle Miocene to Pleistocene volcanism, cropping out in a roughly NE-SW trending band extending from southeastern Spain into northeastern Morocco [Duggen et al., 2004] , (3) a change in the geoid and Bouguer gravity anomalies from positive to the east to negative to the west (from EGM2008 Global model [see Fullea et al., 2010; Hildenbrand et al., 1988] ), and (4) an abrupt change in anisotropic parameters [Diaz et al., 2010] . In addition, as we have discussed before, this area features basal traction indicative of subcrustal tectonic processes (GPS measurements [Fadil et al., 2006; Tahayt et al., 2008] ). The east-west change of crustal thickness appears to fit within a general picture of slab rollback and detachment in the westernmost Mediterranean [Faccenna et al., 2004] , with a slab tear located near stations PVLZ and ALHU and significant crustal thinning to the east. Particularly remarkable is an apparent extension of the northeast Moroccan thinned crust under the rim of the Middle Atlas belt (station M014, see Figure 1 ).
[40] Farther south, in the Atlas domain and the Moroccan foreland, crustal thickness shows less variation and average values around 32-33 km (Figures 7 and 8b) . Such a crustal thickness is in contradiction to isostatic compensation of the crust. Although the station deployment does not cover the highest altitudes, it includes several stations farther east (stations IFR, M018, and M019) in close proximity to the main chain and topography exceeding 3000 m. Our study is consistent with the hypothesis of a lack of a crustal root beneath the Atlas chain, which is a long debated problem [e.g., Teixell et al., 2005; Zeyen et al., 2005; Missenard et al., 2006] . This apparent lack of isostatic compensation has been attributed to an anomalous depth of the lithosphere-asthenosphere boundary [e.g., Seber et al., 1996; Teixell et al., 2005; Fullea et al., 2010] . The hot, low-velocity mantle underneath the Atlas seems to support the topography [e.g., Seber et al., 1996; Fullea et al., 2010] . From our study we cannot exclude the presence of a crustal root that could provide isostasy for the central High Atlas, but we can restrict the extension of such structure and confirm that high topography adjacent to the main chain seems to not be compensated for at the crustal level.
[41] Several gaps in the station deployment (e.g., northeast of stations M010, IFR, and M014, respectively) do not exceed 100 km and coincide with areas where the surrounding stations give a relatively consistent picture. On the other hand, for the Atlas and foreland domains the coverage is still sparse, and future studies will have to test the hypothesis of lateral homogeneity emerging from our data. In the meantime, the crustal thickness measurements reported in this study indicate the presence of three fundamentally different domains reflecting different geodynamic evolutions.
Conclusions
[42] The crustal thickness map inferred from wave conversions beneath 26 temporary and permanent broadband stations in northern Morocco leads to a fairly complete image of the crust-mantle boundary over the entire region. The present study shows three regions each with rather homogeneous characteristics. All of northwestern Morocco is underlain by a thickened crust (crustal thicknesses $35-44 km), and northeastern Morocco is affected by significant crustal thinning (crustal thicknesses $22-30 km). The presence of a subcrustal discontinuity near the border between these two regions has been inferred. Particularly remarkable is an apparent extension of the northeast Moroccan thinned crust under the rim of the Middle Atlas belt. Farther south, an extended region with an average 32 km crustal thickness is found covering not only the Marrocan Meseta but also some areas of the Middle Atlas domain. This seems to support that high topography on the stations located in the Middle Atlas domain is not isostatically compensated for at the crustal level. The obtained V p /V s values have minor variations around an average of 1.75 for stations located in the Rif and the foreland units. Anomalously low V p /V s values are limited to the Atlas domain, hosting felsic rocks.
[43] This contribution benefits from a high-density coverage of broadband seismic stations beneath northern Morocco, with interstation distances close to 60 km. This results in a consistent picture of the crustal variations Figure 8a , at PVLZ, M006, and M013 the depths of the Moho and the subcrustal discontinuity are displayed. The color is in agreement with the color code used in Figure 7 . beneath the zone. On the other hand, for the Atlas and foreland domains the coverage is still sparse, and future studies will have to test the hypothesis of lateral homogeneity emerging from our data.
